Saturable Absorption of Glycerol in the Rat Intestine
for a volume change based on the change in PEG 4000 concentration. Assuming first-order absorption, the absorption rate constant (k a ) was estimated as follows: (1) where t represents the absorption (experimental) period. The apparent membrane permeability clearance (CL app ) was estimated as the product of k a and the luminal volume (100 ml/cm). Statistical Analysis Levels of statistical significance were assessed using Student's t-test or, when multiple comparisons were needed, analysis of variance (ANOVA) followed by Dunnett's test.
RESULTS AND DISCUSSION

Saturable Glycerol Absorption in the Small Intestine
The fraction of the dose absorbed (F a ) of glycerol was as much as 92.1% over 30 min at the lowest concentration of 0.002 mM (2 mM) in the small intestine, as shown in Table 1 . The apparent membrane permeability clearance (CL app ) was 8.55 ml/min/cm. The F a was unchanged when the concentration was increased to 1 mM, but reduced to 73.1% when the concentration was further increased to 40 mM. Thus, glycerol absorption was found to be dependent on concentration (saturable). It was surprising to find, in addition, that the absorption of glycerol was faster than that of urea at all three concentrations, ranging from 0.002 to 40 mM. On the other hand, the F a of urea was almost constant (about 60%) over the wide range of concentrations, suggesting a passive transport mechanism. Urea is a small hydrophilic solute with a molecular weight (MW) of 60 and generally believed to be transported by passive diffusion exclusively via the paracellular route. If glycerol (MW, 92) is also transported exclusively by paracellular passive diffusion, the absorption of glycerol, which is larger in terms of molecular size, could not be faster than that of urea, because permeation should be in principle restricted by the paracellular pore size. Therefore, these findings suggest that glycerol transport is elevated, compared with what can be expected from a passive (diffusive) mechanism, and saturable due to the significant involvement of carrier-mediated transport. Because the transcellular passive permeability of glycerol, if involved, can be assumed to be comparable with that of urea, as discussed in detail in a later section, the total passive permeability of glycerol via the paracellular and transcellular routes would not be greater than that of urea (CL app of about 3 ml/min/cm). Therefore, at the lowest concentration of 0.002 mM, carrier-mediated transport may account for more than 60% of glycerol transport with a CL app of about 8.55 ml/min/cm.
If there is water absorption, paracellular permeation could be enhanced due to an additional solute flux associated with water flux (solvent drag effect). On the other hand, water secretion could reduce paracellular permeation by hindering diffusive flux. We therefore evaluated water movement, using the final-to-initial concentration ratios (C f Ј/C i Ј) of PEG 4000 (a nonabsorbable marker). As shown in Table 1 , moderate water secretion was persistently suggested by the fact that the C f Ј/C i Ј values were smaller than unity (dilution of PEG 4000). However, the C f Ј/C i Ј values did not significantly change in each series of experiments using different concentrations for glycerol and urea. Thus, the concentration-dependence of glycerol absorption cannot be explained by the effect of water secretion. Water secretion tended to be slightly greater for glycerol than for urea, as indicated by the slightly smaller C f Ј/C i Ј values obtained experimentally. This could be a factor that might reduce the permeation of glycerol relative to that of urea, but this does not explain our finding of faster absorption for glycerol.
Saturable Glycerol Absorption in the Colon
We also examined glycerol absorption in the colon ( Table 2 ). The ab-
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Data are represented as the meanϮS.E. (nϭ3). a) Significantly different from the value for 0.002 mM at pϽ0.05 (ANOVA). b) Significantly different from the value for glycerol at the same concentration at pϽ0.05; c) pϽ0.01 (t-test). F a , fraction absorbed in 30 min; CL app , apparent membrane permeability clearance; C f Ј/C i Ј, final-to-initial concentration ratio of PEG 4000 (nonabsorbable marker). (t-test) . F a , fraction absorbed in 30 min; CL app , apparent membrane permeability clearance; C f Ј/C i Ј, final-to-initial concentration ratio of PEG 4000 (nonabsorbable marker).
sorption of glycerol was saturable and, at the lowest concentration of 0.002 mM, faster than that of urea, although the F a values were much smaller than those in the small intestine. The degree of water secretion suggested by the C f Ј/C i Ј values was comparable or less than that in the small intestine, was not significantly changed at different concentrations in each series of experiments with glycerol and urea, and was not significantly different between experiments with glycerol and urea, particularly at the lowest concentration. These results are similar to those in the small intestine and suggest that carrier-mediated transport might also be involved in glycerol absorption in the colon, although the transport capability appeared to be much lower in the colon than in the small intestine. It should be noted that a reduction in F a was observed at a lower concentration in the colon (1 mM) than in the small intestine (40 mM), suggesting that the carrier-mediated transport system in the colon may have a higher affinity and, hence, may be kinetically distinct from that in the small intestine.
Passive Permeation of Glycerol and Urea Glycerol absorption in the colon was almost negligible with a nominal CL app of 0.08 ml/min/cm at the highest concentration of 40 mM ( Table 2 ), suggesting that glycerol simply does not cross the colonic membrane by passive diffusion via any route, paracellular or transcellular. The paracellular route in the colon seemed to be quite tight, almost completely excluding this small solute. Urea absorption in the colon was independent of concentration, suggesting a passive transport mechanism as in the small intestine, and at an appreciable level with a CL app of about 0.35 ml/min/cm (Table 2 ). Assuming that the transcellular passive permeability increases with lipophilicity, which can be represented by the octanol/water partition coefficient (P o/w ), and diffusivity, which can be represented by the diffusion coefficient that is inversely proportional to the square root of the molecular weight (MW 1/2 ), 8) the P o/w /MW 1/2 could be an index of the transcellular passive permeability. Using the P o/w values of 0.0025 and 0.0016, 9) respectively, for glycerol (MW, 92) and urea (MW, 60), the P o/w /MW 1/2 values were estimated to be comparable for urea (0.00021) and glycerol (0.00026). Therefore, it is likely that the transcellular passive permeability of urea is comparable with that of glycerol and, hence, negligible. Thus, the significant absorption of urea could be almost totally due to paracellular permeation, consistent with the generally accepted assumption.
The area of the anatomical villous surface, which is perfused by blood in the subepithelial capillary network and, hence, represents the absorptive surface area (S a ), is reportedly about 3-fold greater per unit length in the small intestine (6.5 cm 2 /cm for midgut) than in the colon (2.2 cm 2 /cm). 10) This could lead to the same degree of difference in CL app , which can be described as the product of the apparent permeability coefficient (P app ) and S a (CL app ϭP app · S a ), or in the clearance of each permeation component. However, for both glycerol and urea, it is unlikely that the component of transcellular passive permeability, which was suggested to be negligible in the colon, is elevated in the small intestine to an appreciable level due to the difference in S a . Therefore, the absorption of urea in the small intestine by passive transport, which was suggested from the concentration-independence (Table 2) , could be mainly accounted for by paracellular permeation, consistent with the generally accepted assumption. The CL app of urea absorption in the small intestine was greater than that in the colon by a factor of about 10 (Tables  1 and 2) , which is much greater than that for S a . This difference suggests a larger P app in the small intestine due to the looser paracellular route associated with a difference in the density or size distribution of paracellular pores.
Carrier-Mediated Glycerol Transport
The intestinal transport mechanism of glycerol has not been investigated extensively, although Rubin and Deren suggested about three decades ago that carrier-mediated transport might be involved in glycerol transport following an uptake study in vitro using tissue from the rabbit small intestine.
3) They found that glycerol uptake was saturable and inhibited selectively by N-ethylmaleimide, but not by glucose, phlorizin and ethylene glycol. Another study by Winne and Remischovsky showed a few years earlier that glycerol absorption was faster than that of urea in the perfused rat small intestine in situ, although they did not comment on this.
11) However, contradicting this, two more recent in vitro studies using excised tissues of the rat jejunum and colon suggested that glycerol permeation across such tissues conforms to the paracellular permeation hypothesis, showing that its permeability is lower than that of urea. 1, 2) Although the reason for this discrepancy is not clear, our results in the present study support the former two studies suggesting the involvement of carrier-mediated transport in intestinal glycerol transport.
A series of water channel proteins have recently been cloned and named aquaporins (AQPs), and a subfamily of AQPs named aquaglyceroporins (AQP3, AQP7, AQP9 and AQP10) are known to act as channels for small neutral solutes, typically glycerol and/or urea, as well. [12] [13] [14] [15] [16] [17] Among them, AQP3 is reportedly present in the small intestine and colon of the rat. 18) In humans, AQP9 and AQP10 have so far been found in the small intestine. 17, 19) However, permeation through channels is expected to be a linear (unsaturable) process, kinetically distinct from the saturable transport found for glycerol. In addition, AQP3 and AQP9 are suggested to be localized at the basolateral membrane, 18, 19) while it is obvious that, to achieve rapid and saturable glycerol transport as observed in the rat intestine, a carrier-mediated transport system is required at the brush border membrane for the entry of glycerol into epithelial cells. However, the cellular localization of AQP10 has not been reported yet. Thus, it is unlikely that these aquaglyceroporins would be involved in the carrier-mediated glycerol transport systems, although we cannot exclude a possibility that AQP10 or unidentified aquaglyceroporins might be functionally heterogeneous and act as active or facilitated carriers of glycerol.
Conclusion Although more detailed studies are required, it is likely that carrier-mediated transport systems are present in the intestine (small intestine and colon) for the efficient absorption and utilization of glycerol as a nutritional substance. It would be interesting to examine the possibility that such carrier-mediated glycerol transport system(s) might be involved in drug absorption and also that they might be used for oral drug delivery.
